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Omnidirectional  Antennas 


4.1  Introduction 

This  chapter  describes  simulations  and  measurements  of  antennas  that 
are  omnidirectional  in  azimuth.  Omnidirectional  coverage  is  desired  in 
applications  where  the  desired  signal  direction  is  arbitrary.  Omnidirectional 
coverage  can  be  provided  for  vertical  polarization  with  vertical  monopole 
or  dipole  antennas  which  can  typically  have  a  cylindrical  or  conical  shape. 
A  monopole  antenna  with  a  cone  shape  is  referred  to  as  a  monocone  or 
conical  monopole.  Similarly,  a  dipole  antenna  with  cone-shaped  arms  is 
referred  to  as  a  bicone  or  biconical  antenna.  Omnidirectional  horizontally 
polarized  coverage  can  be  achieved  with  horizontal  loops  or  slotted  cylinder 
antennas.  Section  4.2  describes  vertically  polarized  cylindrical  and  conical 
monopole  antennas.  Section  4.3  describes  a  vertically  polarized  discone 
antenna.  The  turnstile  crossed  dipole  was  described  as  an  omnidirectional 
antenna  in  Chapter  1  (Section  1.12.2),  where  the  arms  were  aligned  in  a 
plane.  Section  4.4  describes  an  omnidirectional  monopole  array  designed 
for  simultaneous  transmit  and  receive  application.  Section  4.5  describes 
omnidirectional  horizontally  polarized  loop  and  slotted  cylinder  antennas. 
Section  4.6  investigates  the  turnstile  crossed-dipole  antenna  where  the 
dipole  arms  arc  swept  back  to  provide  omnidirectional  pattern  coverage  for 
horizontal  and  vertical  polarization.  Each  of  the  antennas  described  in  this 
chapter  can  be  considered  wideband  depending  on  how  the  bandwidth  is 
defined,  either  in  terms  of  the  radiation  pattern  or  impedance  match  or  both. 
For  transmit  applications  both  the  radiation  pattern  and  impedance  match 
will  be  important.  For  some  receive  applications  involving  communications, 
only  the  radiation  pattern  gain  will  be  of  primary  importance  as  long  as  the 
communications  link  closes. 
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4.2  Monopole  Antennas 

4.2.1  Background  for  Cylindrical  and  Conical  Monopoles 

In  this  section,  two  types  of  antennas  are  considered  here,  cylindrical 
monopoles  and  conical  monopoles  over  a  ground  plane  [1-22],  The  contrast 
between  a  cylindrical  monopole  and  a  conical  monopole  is  depicted  in  the 
photograph  shown  in  Figure  4.1.  In  this  photograph  each  monopole  has  been 


Figure  4.1  Photograph  of  cylindrical  and  conical  monopole  antennas. 

electrically  attached  to  the  center  pin  of  a  type-N  microwave  connector.  The 
conical  monopole  is  shown  with  a  closed-end  plate,  which  is  known  from  the 
literature  to  have  little  effect  on  the  input  impedance  and  radiation  pattern. 
Both  cylindrical  and  conical  monopoles  are  useful  as  single  transmitting  and 
receiving  antennas,  and  in  phased  arrays  [21].  In  Figure  4.2,  a  photograph  of 
a  cylindrical  monopole  mounted  in  an  array  of  like  elements  on  an  aluminum 
ground  plane  is  shown.  The  optical  reflection  of  the  vertical  monopole  element 


Figure  4.2  Photograph  of  an  array  of  cylindrical  monopoles  over  a  ground  plane. 


in  the  ground  plane  shows  an  optical  image  that  appears  the  same  as  the 
electrical  image  due  to  the  boundary  conditions  described  in  Chapter  1  (refer 
to  Section  1.5  and  Figure  1.31).  The  image  of  the  monopole  effectively 
forms  an  equivalent  dipole  in  free  space,  which  can  be  analyzed  readily  with 
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the  method  of  moments.  An  equivalent  dipole  array  example  was  shown 
previously  in  chapter  2  (see  Figures  2.40  and  2.41).  Alternately,  the  method 
of  moments  can  be  applied  to  the  monopole  and  ground  plane  combination.  A 
sketch  of  a  cylindrical  monopole  over  a  conducting  ground  plane  is  shown 
in  Figure  4.3.  The  base  of  the  monopole  is  connected  to  a  coaxial  line 
that  operates  in  the  transverse  electromagnetic  (TEM)  mode.  Brown  and 
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Figure  4.3  Sketch  of  a  cylindrical  monopole  over  a  ground  plane,  fed  with  a  coaxial 
line. 


Woodward  have  performed  extensive  measurements  of  the  input  impedance 
of  cylindrical  monopoles  over  a  ground  plane  [22]  as  shown  in  Figures  4.4 
(input  resistance)  and  4.5  (input  reactance).  These  data  were  measured  at 


Figure  4.4  Measured  input  resistance  for  a  cylindrical  monopole  over  a  ground  plane, 
fed  with  a  coaxial  line. 
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Figure  4.5  Measured  input  reactance  for  a  cylindrical  monopole  over  a  ground  plane, 
fed  with  a  coaxial  line. 


60  MHz  with  numerous  physical  size  cylindrical  monopoles  with  closed-end 
circular  metal  plate  bases  mounted  over  a  circular  metallic  screen  3.66m  in 
diameter  and  6  wires  per  cm,  which  was  placed  on  the  earth’s  surface.  A  large 
variation  in  the  input  impedance  of  cylindrical  monopoles  occurs  for  thin- 
diameter  cylinders  where  the  length  to  diameter  ratio  is  large.  As  the  diameter 
of  the  cylindrical  monopole  increases  for  a  fixed  length,  the  input  impedance 
tends  to  have  a  decreasing  variation,  which  provides  more  bandwidth. 

It  should  be  noted  that  the  input  impedance  of  a  monopole  (either 
cylindrical  or  conical)  is  one  half  that  of  the  equivalent  dipole.  The  peak  gain 
of  a  one-quarter  wavelength  cylindrical  monopole  over  an  infinite  perfectly 
conducting  ground  plane  is  5.1  dBi  compared  to  the  peak  gain  of  a  one-half 
wavelength  dipole  in  free  space  which  is  2.1  dBi.  Referring  to  Figure  4.3,  for 
an  infinite  perfectly  conducting  ground  plane  the  monopole  peak  gain  occurs 
at  9  =  90°.  When  an  infinite  ground  plane  has  a  finite  conductivity  such  as 
the  earth’s  surface,  the  monopole  radiated  field  is  attenuated  to  a  null  in  the 
far  field  at  9  =  90°.  For  a  monopole  mounted  on  a  finite  ground  plane,  the 
beam  peak  is  lifted  up  from  9  =  90°.  The  monopole  is  omnidirectional  with 
respect  to  the  axis  of  the  monopole. 

Figure  4.6  shows  a  sketch  of  a  conical  monopole  over  a  ground  plane. 
The  conical  monopole  is  fed  with  a  coaxial  transmission  line  operating  in 
the  transverse  electric  mode  (TEM).  The  cone  is  assumed  to  have  vertical 
height  H,  slant  length  a,  upper  diameter  D,  and  lower  diameter  d.  The  cone 
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Figure  4.6  Sketch  of  a  conical  monopole  over  a  ground  plane,  fed  with  a  coaxial  line. 


half-angle  is  given  by 


The  cone  slant  length  is 
as 


9C  =  tan 


-l 


D-d 
2  H 


(4.1) 


expressed  in  terms  of  the  height  and  cone  half  angle 
H 


a  = 


COS  On 


(4.2) 


Brown  and  Woodward  have  performed  extensive  input  impedance  (also 
radiation  pattern  [15])  measurements  of  conical  monopoles  over  a  ground 
plane  [22]  as  shown  in  Figures  4.7  (input  resistance)  and  4.8  (input  reactance). 
These  measured  data  were  collected  at  500  MHz  with  a  circular  conducting 


Figure  4.7  Measured  input  resistance  for  a  conical  monopole  over  a  ground  plane, 
fed  with  a  coaxial  line. 
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Figure  4.8  Measured  input  reactance  for  a  conical  monopole  over  a  ground  plane, 
fed  with  a  coaxial  line. 


ground  plane  2.44m  in  diameter  on  the  earth’s  surface.  As  the  cone  angle 
increases  there  is  a  decreased  variation  in  the  input  impedance,  which  allows 
an  increased  bandwidth. 

It  is  noted  by  Reich  [6]  that  as  the  slant  length  (or  height)  of  a  conical 
monopole  approaches  one  wavelength,  the  input  impedance  is  approximately 
equal  to  the  characteristic  impedance.  Referring  to  Figure  4.6  at  the  feed  gap 
region,  on  transmit  a  TEM  wave  is  launched  (from  the  coaxial  feed  line) 
between  the  cone’s  base  (apex)  and  ground  plane,  and  the  wave  propagates 
outward  until  it  reaches  the  antenna  aperture  represented  by  the  the  curved 
wavefront  between  points  1  and  2.  At  the  edge  discontinuity  of  the  finite  cone 
(point  1),  a  portion  of  the  incident  field  will  be  scattered  (diffracted)  back 
towards  the  feed  region  and  a  portion  will  be  transmitted  (diffracted)  into  free 
space.  When  the  wave  reaches  point  3  at  the  finite  rim  of  the  ground  plane,  a 
portion  of  the  wave  will  be  scattered  (diffracted)  back  towards  the  feed  and  a 
portion  will  be  transmitted  (diffracted  by  the  edge)  into  free  space. 

An  approximate  expression  for  the  reflection  coefficient  of  a  finite 
monocone  with  slant  length  a  on  an  infinite  ground  plane  has  been  derived 
by  Papas  and  King  [10,  11].  The  input  impedance  of  a  conical  monopole  can 
be  determined  by  an  eigenfunction  expansion  of  the  electric  field  components 
Eg  and  Er  and  magnetic  field  component  Hrf).  The  tangential  components 
are  made  continuous  across  the  antenna  aperture.  Only  the  dominant  mode 
of  the  coaxial  feedline  (transverse  electric  mode  (TEM))  is  be  included  at 
the  feed  region.  The  approximate  reflection  coefficient  T  for  cones  with  a 
large  flare  angle  (cones  with  half-angle  approximately  30°  or  larger)  can  be 
calculated  for  the  TEM  outgoing  and  TEM  reflected  wave  at  the  fictitious 
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boundary  surface  at  the  cone  aperture,  as  given  by 


1  +  iW- 
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where  i  is  the  imaginary  number,  Pn{x)  is  the  Legendre  polynomal  of  order 
n,  k  =  2it / A  is  the  wavenumber,  and 


C  (ka) 


hn\ka) 

hn-i(ka )  -  j^h{n\ka) 


(4.4) 


In  Equation  (4.3)  the  summation  is  performed  over  the  odd  integer  values  of 

(2s) 

n.  In  the  zeta  function  defined  by  Equation  (4.4),  h}n  ;  ( ka )  is  the  spherical 
Hankel  function  of  the  second  kind  which  is  given  by 

hn\ka)  =  jn(ka)  -  iyn(ka )  (4.5) 


where  jn(ka)  and  yn{ka)  are  the  spherical  Bessel  functions  of  the  first  and 
second  kind,  respectively.  The  spherical  Bessel  functions  of  the  first  and 
second  kind  arc  computed  from  the  Bessel  functions  of  the  first  and  second 
kind  as, 


jn(ka) 


(4-6) 


Vn{ka ) 


iWaY-*Pa] 


The  conical  monopole  input  impedance  is  then  computed  as 


(4.7) 


zin  =  1  +  r 

in  u  \ _ r 


(4.8) 


where  ZQ  is  the  characteristic  impedance  of  an  infinite  conical  monopole  over 
an  infinite  ground  plane.  Papas  and  King  state  that  Equation  (4.8)  is  valid 
when  the  cone  flare  angle  is  large  and  the  characteristic  impedance  of  the 
coaxial  feed  is  equal  to  the  characteristic  impedance  of  the  conical  monopole. 

The  characteristic  impedance  of  an  infinite  conical  monopole  over  an 
infinite  ground  plane  is  given  by  the  following  equation  [2,  p.  105] 

Z0  =  hi  cot  —  =  -rj—  In  cot  —  (4.9) 

2  V  e  7r  2  2  7T  2 
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and  in  the  free  space  case  with  77  =  r/0  =  1207T 

90 

Za  =  60  In  cot  —  (4.10) 

Using  Equation  (4. 10)  the  characteristic  impedance  of  an  infinite  monocone 
versus  cone  half  angle  on  an  infinite  ground  plane  is  shown  in  Figure  4-9. 


Figure  4.9  Calculated  characteristic  impedance  for  an  infinite  conical  monopole  over 
an  infinite  ground  plane. 


Figure  4.10  Calculated  reflection  coefficient  from  the  calculated  characteristic 
impedance  for  an  infinite  conical  monopole  over  a  ground  plane. 

For  example,  when  the  infinite  monocone  has  a  half  angle  equal  to  45°,  the 
characteristic  impedance  is  52.9  ohms.  A  perfect  impedance  match  to  50  ohms 
will  occur  for  an  infinite  cone  half  angle  equal  to  47°.  Figure  4.10  shows 
the  calculated  reflection  coefficient  for  the  infinite  cone  assuming  a  50-ohm 
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Figure  4.11  Calculated  VSWR  from  the  calculated  characteristic  impedance  for  an 
infinite  conical  monopole  over  a  ground  plane. 


coaxial  transmission  line  is  connected  to  the  antenna,  and  Figure  4. 1 1  shows 
the  corresponding  VSWR.  According  to  Figure  4.11,  the  infinite  cone  will 
have  a  VSWR  <  2.5  for  cone  half-angles  in  the  range  of  about  15°  to  70°.  For 
a  given  coaxial  transmission  line  with  a  typical  characteristic  impedance  of 
50  ohms,  a  simplified  design  approach  just  uses  the  characteristic  impedance 
of  an  infinite  conical  monopole  to  approximate  the  cone  input  impedance  for 
finite  cones  that  have  a  height  one  wavelength  or  longer. 

The  above  discussions  provide  a  theoretical  approach  to  approximating 
the  input  impedance  of  conical  monopoles.  Flowever,  in  this  chapter,  the 
preferred  method  for  quantifying  the  input  impedance,  reflection  coefficient, 
VSWR,  mismatch  loss,  and  radiation  patterns  is  by  the  method  of  moments 
that  performs  a  full-wave  solution  of  the  dielectric-loaded  coaxial  feed,  finite 
cone  and  finite  ground  plane.  The  method  of  moments  simulations  can  be  used 
to  adjust  the  conical  monople  parameters  to  tune  the  antenna  over  a  desired 
frequency  band. 

4.2.2  An  Example  Ultrawideband  Array  Application  With 
Monocone  Antennas 

Ultrawideband  (UWB)  communications  antennas  typically  must  transmit  and 
receive  ultrawideband  waveforms  without  introducing  significant  amplitude 
and  phase  distortion.  In  many  applications,  it  is  desirable  to  have  an  array  of 
antennas  where  each  of  the  antennas  has  an  omnidirectional  radiation  pattern 
characteristic.  An  antenna  array  allows  the  use  of  signal  processing  algorithms 
for  adaptive  nulling  and  direction  finding.  As  is  known  from  the  literature, 
conical  monopoles  over  a  ground  plane  provide  a  suitable  omnidirectional 


240 


Electromagnetics  and  Antenna  Technology 


antenna  element  for  very  wide  bandwidth  communications  links  [23-26]. 
As  depicted  in  Figure  4.12,  a  sparse  array  of  conical  monopoles  has  been 
used  in  direction  finding  measurements  as  reported  by  Keller  [23].  Other 


Figure  4.12  Diagram  and  photograph  showing  an  ultrawideband  field  test  setup  with 
conical  monopole  antennas  for  transmit  and  receive  [23]. 

array  configurations  are  of  general  interest  such  as  linear  or  two-dimensional 
arrays  of  ultrawideband  conical  monopoles,  which  impacts  the  design  of  the 
individual  array  elements. 

The  terms  wideband,  very  wideband,  and  ultrawideband  (as  commonly 
used  in  the  literature)  are  understood  here  to  be  equivalent.  A  number  of 
ultrawideband  applications  have  received  FCC  approval  for  use  as  described 
in  Federal  Communications  Commission  document  FCC  02-48,  First  Report 
and  Order,  Revision  of  Part  15  of  the  Commission’s  Rules  Regarding 
Ultra- Wideband  Transmission  Systems,  Adopted  February  14,  2002,  Release 
date  April  22,  2002  [27].  The  3.1  to  10.6  GHz  band  allocated  by  the 
FCC  for  ultrawideband  communications  is  a  possible  application  for  the 
antenna  described  in  the  first  example  given  in  this  chapter.  For  example, 
an  ultrawideband  signal  (pulse  position  modulation  (PPM)  or  orthogonal 
frequency  division  multiplex  (OFDM))  or  multiple  RF  signals  over  an 
ultrawideband  would  be  applied  across  the  antenna  feed  gap  region,  inducing 
a  time-varying  current  that  gives  rise  to  electromagnetic  radiation  for  wireless 
transmission.  For  wireless  ultrawideband  reception,  an  incident  time-varying 
electromagnetic  wave  signal  induces  a  time-varying  electric  current  on  the 
monocone  and  a  time-varying  voltage  across  the  antenna  feed  gap. 

A  design  of  a  linearly  polarized  ultrawideband  antenna  element  capable 
of  operating  over  the  instantaneous  3.1  to  10.6  GHz  band  for  receive 
and/or  transmit  wireless  communications  applications  is  described  in  the  next 


Omnidirectional  Antennas 


241 


subsection.  The  design  uses  a  conical  monopole  on  a  circular  ground  plane 
with  a  number  of  practical  features  for  indoor  and  outdoor  use. 

4.2.3  Prototype  1 :  Monocone  Antenna  for  the  3.1  GHz  to 
10.6  GHz  Band 

Referring  to  the  diagram  of  a  conical  monopole  antenna  shown  in  Figure  4.6, 
the  following  parameters  allow  good  performance  over  the  3.1  GHz  to 
10.6  GHz  instantaneous  band.  It  has  been  assumed  that  the  coaxial  feedline 
for  the  monocone  is  a  standard  SMA  connector,  where  the  center  conductor 
has  a  diameter  equal  to  0.127  cm  [0.050  inches].  The  base  diameter  of  the 
cone  then  is  chosen  as  0.254  cm  [0.1  inches],  which  allows  a  threaded  center 
conductor  of  the  SMA  connector  to  be  attached  within  a  corresponding  tapped 
hole  in  the  cone  base  region.  For  prototype  testing,  the  conical  monopole  is 
made  of  solid  brass  with  a  flat  top  and  a  flat  base  region.  The  cross  section  of 
the  monopole  is  circular  for  ease  of  machining  and  to  achieve  omnidirectional 
azimuthal  coverage.  A  standard  SMA  connector  (4-hole  flange  mount  jack 
receptacle)  with  a  modified  center  pin  that  was  threaded  made  the  RF  antenna 
connection  via  a  threaded  hole  in  the  conical  monopole.  Thus,  solder  was 
not  required  for  this  fabricated  antenna.  The  SMA  connector  introduces  a 
1.27  cm  [0.5  inches]  length  of  teflon-loaded  coaxial  line.  The  moment  method 
simulation  includes  the  same  1.27  cm  length  of  teflon-loaded  coaxial  line. 
For  antenna  testing,  a  15.24  cm  [6  inch]  diameter  circular  aluminum  plate 
0.3175  cm  [0.125  inch]  thick  was  used  as  the  ground  plane  -  the  simulation 
model  used  a  perfectly  conducting  ground  plane  with  the  same  diameter.  A 
photograph  of  the  fabricated  conical  monopole  antenna  (prototype  1)  is  shown 
in  Figure  4.13. 


Figure  4.13  Photograph  of  a  conical  monopole  over  a  circular  ground  plane, 
designed  for  the  3.1  to  10.6  GHz  band  (prototype  1). 


The  height  of  the  prototype  1  cone  is  1.5  cm  [0.59  inches],  and  the  top 
truncation  diameter  is  1.2  cm  [0.472  inches].  The  full  cone  angle  for  this 


242 


Electromagnetics  and  Antenna  Technology 


design  is  35°.  At  the  lowest  frequency  3.1  GHz,  the  wavelength  is  9.68  cm 
[3.8  inches]  and  at  the  highest  frequency  10.6  GHz  the  wavelength  is  2. 1 89  cm 
[1.11  inches].  The  top  truncation  diameter  varies  from  0.124A  at  3.1  GHz  to 
0.425A  at  10.6  GHz.  The  height  of  the  conical  monopole  varies  from  0.155A 
at  3. 1  GHz  to  0.53A  at  10.6  GHz.  It  should  be  noted  that  the  conical  monopole 
size  in  this  design  does  not  fit  the  simple  model  that  could  be  used  for  infinite 
or  electrically  large  cones,  that  is,  the  characteristic  impedance,  reflection 
coefficient,  and  VSWR  shown  in  Figures  4.9  to  4.1 1,  respectively,  would  not 
apply.  Also,  the  cone  half-angle  of  the  conical  monopole  here  is  not  large, 
so  the  finite  cone  theory  of  Papas  and  King  [10,  1 1]  would  not  be  expected 
to  apply.  Instead,  an  initial  estimate  of  the  reflection  coefficient  and  VSWR 
performance  can  be  determined  from  measured  input  impedance  data  for  finite 
cones  provided  by  Brown  and  Woodward  [15].  In  terms  of  electrical  degrees, 
the  height  of  the  conical  monopole  varies  from  55.8°  at  3.1  GHz,  to  107.8°  at 
6  GHz,  to  190.8°  at  10.6  GHz.  From  the  measured  Brown  and  Woodward 
data  in  Figures  4.7  and  4.8,  the  estimated  input  impedance  for  this  cone 
design  varies  from  about  30  —  j  10  ohms  at  3.1  GHz,  to  160  +  j  10  ohms,  at 
6  GHz,  to  76  —  j 25  ohms  at  10.6  GHz.  Note:  these  estimated  input  impedance 
values  are  referenced  to  the  input  coaxial  feed  region  of  the  monocone.  The 
corresponding  reflection  coefficient  and  VSWR  for  this  case  are  computed 
from  Equations  (1.15)  and  (1.27),  respectively,  as  (-11.1  dB,  1.77)  at  3.1  GHz, 
(-5.6  dB,  3.2)  at  6  GHz,  and  (1 1.0  dB,  1.78)  at  10.6  GHz. 

An  accurate  calculation  of  the  conical  monopole  input  impedance 
versus  frequency  can  be  made  using  the  method  of  moments,  as  shown  by 
comparisons  below  with  measured  data  for  this  antenna.  The  moment  method 
simulation  model  for  the  3.1  GHz  to  10.6  GHz  antenna  design  is  shown  in 
Figure  4.14.  The  simulation  model  includes  a  1.27  cm  long  teflon- loaded 
coaxial  feedline  to  model  the  SMA  connector. 


z 


Figure  4.14  Simulation  model  for  a  conical  monopole  over  a  15.24  cm  diameter 
circular  ground  plane  fed  with  a  coaxial  line,  designed  for  the  3.1  to 
10.6  GHz  band  (prototype  1).  Cone  height  1.5  cm,  cone  full  angle  35°. 
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The  simulated  directivity  patterns  of  prototype  1  at  3.1  GHz,  6  GHz 
and  10.6  GHz  are  shown  in  Figure  4.15.  Figure  4.16  shows  the  simulated 
directivity  versus  frequency  at  the  observation  angle  6  =  90°,  and  over  the 
frequency  band  3.1  GHz  to  10.6  GHz  there  is  less  than  2  dB  variation  in 
directivity.  A  comparison  of  the  simulated  and  measured  input  resistance 


Theta  (deg) 


Figure  4.15  Simulated  directivity  patterns  for  a  conical  monopole  over  a  circular 
ground  plane  (prototype  1). 


Frequency  (GHz) 

Figure  4.16  Simulated  directivity  versus  frequency  at  6  =  90°  for  a  conical  monopole 
over  a  circular  ground  plane  (prototype  1). 

and  input  reactance  versus  frequency  are  shown  in  Figures  4.17  and  4.18, 
respectively,  and  generally  good  agreement  is  observed.  Note:  that  the 
reference  plane  here  is  at  the  input  to  the  SMA  connector.  Although  not 
shown  here,  if  the  input  impedance  data  (in  Figures  4.17  and  4.18)  at  the 
input  to  the  SMA  connector  were  transformed  to  a  reference  position  at  the 
ground  plane,  they  would  tend  to  look  more  like  the  measured  impedance 
data  shown  in  Figures  4.7  and  4.8.  In  the  desired  frequency  range  of  3.1  GHz 
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Figure  4.17  Simulated  and  measured  input  impedance  (real  part)  for  the  conical 
monopole  over  a  circular  ground  plane,  fed  with  a  coaxial  line  (prototype 
1).  The  reference  plane  is  at  the  input  to  the  SMA  connector. 
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Figure  4.18  Simulated  and  measured  input  impedance  (imaginary  part)  for  the 
prototype  1  conical  monopole  over  a  circular  ground  plane,  fed  with  a 
coaxial  line.  The  reference  plane  is  at  the  input  to  the  SMA  connector. 


to  10.6  GHz,  the  measured  input  resistance  has  two  peaks  occuring  near 
3.5  GHz  (79  ohms)  and  7.8  GHz  (123  ohms).  The  corresponding  simulated 
and  measured  reflection  coefficient,  VSWR,  and  mismatch  loss  are  shown  in 
Figure2s  4.19  to  4.21,  respectively,  and  good  agreement  is  observed.  The 
measured  and  simulated  reflection  coefficient  minimum  occurs  at  4  GHz  and 
4.25  GHz,  respectively.  The  measured  VSWR  is  less  than  about  2.5:1  over  the 
3.1  GHz  to  10.6  GHz  band.  Figure  4.21  shows  that  the  measured  mismatch 
loss  due  to  impedance  mismatch  is  less  than  1  dB  over  the  desired  band. 
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Frequency  (GHz) 

Figure  4.19  Simulated  and  measured  reflection  coefficient  for  a  conical  monopole 
over  a  circular  ground  plane,  fed  with  a  coaxial  line  (prototype  1). 


Frequency  (GHz) 


Figure  4.20  Simulated  and  measured  VSWR  for  a  conical  monopole  over  a  circular 
ground  plane,  fed  with  a  coaxial  line  (prototype  1). 


4.2.4  Prototype  2:  Moncone  Antenna  for  X-Band,  8  GHz  to  12 
GHz 

As  a  second  example,  consider  the  design  of  a  conical  monopole  to  cover  the 
X-band  frequency  range  8  GHz  to  12  GHz.  A  photograph  of  the  prototype  2  X- 
band  conical  monopole  antenna  is  shown  in  Figure  4.22  and  the  corresponding 
simulation  model  is  shown  in  Figure  4.23.  The  design  parameters  have  been 
chosen  to  allow  the  element  to  be  arranged  either  as  a  single  element  or 
in  an  array  of  conical  monopoles  over  a  ground  plane.  The  height  of  the 
cone  is  0.635  cm  [0.25  inches],  and  the  top  truncation  diameter  is  0.508  cm 
[0.2  inches].  The  base  of  the  cone  is  0.254  cm  [0.1  inches].  The  full  cone 
angle  for  this  design  is  22.6°.  At  the  lowest  frequency  8  GHz,  the  wavelength 
is  3.75  cm  [1.48  inches]  and  at  the  highest  frequency  12  GHz  the  wavelength 
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Frequency  (GHz) 


Figure  4.21  Simulated  and  measured  mismatch  loss  for  a  conical  monopole  over  a 
circular  ground  plane,  fed  with  a  coaxial  line  (prototype  1). 


Figure  4.22  Photograph  of  an  X-band  conical  monopole  over  a  circular  ground  plane 
(prototype  2). 


Figure  4.23  Simulation  model  for  an  X-band  conical  monopole  over  a  circular  ground 
plane  (prototype  2). 


is  2.5  cm  [0.984  inches].  The  top  truncation  diameter  varies  from  0.135 A  at 
8  GHz  to  0.2A  at  12  GHz.  The  height  of  the  conical  monopole  varies  from 
0.169A  at  8  GHz  to  0.25 A  at  12  GHz.  It  should  be  noted  that  the  conical 
monopole  size  in  this  design  does  not  fit  the  simple  model  that  could  be  used 
for  electrically  larger  cones,  that  is,  the  characteristic  impedance,  reflection 
coefficient,  and  VSWR  shown  in  Figures  4.9  to  4.11,  respectively,  would 
not  apply.  Instead,  an  initial  estimate  of  performance  can  be  determined 
from  measured  input  impedance  data  for  finite  cones  provided  by  Brown 
and  Woodward  [15].  In  terms  of  electrical  degrees,  the  height  of  the  conical 
monopole  varies  from  60.8°  at  8  GHz,  to  76.2°  at  10  GHz,  to  90°  at  12  GHz. 


Omnidirectional  Antennas 


247 


From  the  measured  Brown  and  Woodward  data  in  Figures  4.7  and  4.8,  the 
estimated  input  impedance  for  this  cone  design  varies  from  about  30  +  j'10 
ohms  at  8  GHz,  to  70  +  j40  ohms,  at  10  GHz,  to  120  +  j6 0  ohms  at  12  GHz. 
The  corresponding  estimated  reflection  coefficient  and  VSWR  for  this  case 
(assuming  a  50-ohm  feedline)  are  computed  from  Equations  (1.15)  and  (1.27), 
respectively,  as  (-11.1  dB,  1.77)  at  8  GHz,  (—9  dB,  2.1)  at  10  GHz,  and 
(-5.8  dB,  3.1)  at  12  GHz. 

A  comparison  of  the  prototype  2  measured  and  simulated  input 
impedance  is  shown  in  Figures  4.24  (input  resistance)  and  4.25  (input 
reactance),  and  good  agreement  is  observed.  Over  the  8  to  12  GHz  band, 


Figure  4.24  Simulated  and  measured  input  resistance  of  an  X-band  conical 
monopole  over  a  circular  ground  plane  (prototype  2).  The  reference 
plane  is  at  the  input  to  the  SMA  connector. 


Figure  4.25  Simulated  and  measured  input  reactance  of  an  X-band  conical 
monopole  over  a  circular  ground  plane  (prototype  2).  The  reference 
plane  is  at  the  input  to  the  SMA  connector. 


the  input  resistance  is  in  the  range  of  about  35  ohms  to  45  ohms  and  the 
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input  reactance  is  in  the  range  of  about  —25  ohms  to  0  ohms.  The  measured 
and  simulated  reflection  coefficient  were  computed  from  the  input  impedance 
using  a  50-ohm  reference  and  good  agreement  is  observed.  The  reflection 
coefficient  magnitude  is  less  than  — 10  dB  over  the  8  to  12  GHz  band.  In 


Figure  4.26  Simulated  and  measured  reflection  coefficient  for  an  X-band  conical 
monopole  fed  with  a  coaxial  line  (prototype  2). 

Figure  4.27,  the  measured  VSWR  is  observed  to  be  less  than  1.75  over  the  8 
to  12  GHz  band,  and  in  Figure  4.28  the  mismatch  loss  is  less  than  0.4  dB. 


Figure  4.27  Simulated  and  measured  VSWR  for  an  X-band  conical  monopole  over  a 
circular  ground  plane,  fed  with  a  coaxial  line  (prototype  2). 


4.2.5  Prototype  3:  Monocone  Array  for  X-Band,  8  GHz  to  12  GHz 

The  prototype  2  conical  monopole  was  mounted  in  a  four-element  linear 
array  (referred  to  as  prototype  3)  with  1.27  cm  [0.5  inches]  element  spacing, 
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Figure  4.28  Simulated  and  measured  mismatch  loss  for  an  X-band  conical  monopole 
over  a  circular  ground  plane,  fed  with  a  coaxial  line  (prototype  2). 


centered  on  a  15.24  cm  (6  inch)  square  aluminum  ground  plane.  At  12  GHz, 
the  array  electrical  spacing  is  0.508A.  A  close-up  view  of  the  prototype  3 
array  is  shown  in  Figure  4.29.  The  measured  input  impedance  for  a  central 


n  IT-  47  if 

Figure  4.29  Photograph  of  a  4-element  X-band  conical  monopole  linear  array 
(prototype  3). 

element  of  the  prototype  3  array  is  shown  in  Figure  4.30.  At  8  GHz,  the 


Figure  4.30  Measured  input  impedance  of  a  central  element  of  the  4-element  X-band 
conical  monopole  linear  array  over  a  ground  plane  (prototype  3). 
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input  resistance  is  approximately  75  ohms  and  then  quickly  settles  to  around 
50  ohms  at  8.5  GHz  and  remains  close  to  that  value  up  to  12  GHz.  The  input 
reactance  is  close  to  0  ohms  over  the  entire  band  except  near  8.25  GHz  where 
the  value  is  approximately  —20  ohms.  As  shown  in  Figure  4.31,  the  measured 
VSWR  is  less  than  1.6  over  the  8  to  12  GHz  band. 


Figure  4.31  Measured  VSWR  of  a  central  element  of  the  4-element  X-band  conical 
monopole  linear  array  over  a  ground  plane  (prototype  3). 


4.3  Wire  Discone  Antenna  with  Cylindrical  Monopole 

The  previous  sections  discussed  cone  antennas  and  ground  planes  made 
of  a  solid  material.  For  lower  frequencies  such  as  VF1F,  where  the  cone 
antennas  and  ground  plane  become  physically  large  and  heavy,  it  is  desirable 
to  approximate  the  cone  and  ground  plane  geometries  with  metallic  wires  that 
form  an  outline  of  the  cone  and  ground  plane.  An  omnidirectional  vertically- 
polarized  discone  [28-36]  antenna  design  involves  a  cone  fed  against  a 
circular  disc,  where  the  disc  diameter  is  similar  in  size  to  the  diameter  of  the 
cone.  Discone  antennas  are  designed  in  a  number  of  ways:  such  as  a  cone  with 
disc,  cone  with  disc  and  tuning  coil,  cone  and  disc  with  tuning  coil  and  thin 
monopole  (whip)  antenna.  The  tuning  coil  helps  to  achieve  a  lower  frequency 
response  and  can  consist  of  a  helical  conductor  connecting  the  disc  section  and 
the  monopole.  In  the  example  shown  here,  the  discone  antenna  uses  a  large 
diameter  monopole  instead  of  a  thin  whip,  and  a  tuning  coil  is  not  used.  An 
example  of  a  modified  wire  discone  antenna  for  VHF  operation  is  depicted  in 
a  simulation  model  shown  in  Figure  4.32.  A  photograph  of  the  fabricated  wire 
discone  antenna  integrated  with  the  cylindrical  monopole  that  was  mounted  on 
a  vertical  mast  is  shown  in  Figure  4.33.  A  close-up  view  of  the  antenna  feed 
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Figure  4.32  Simulation  model  of  a  wire  discone  antenna  with  a  vertical  monopole. 

region  is  depicted  in  Figure  4.34,  which  shows  the  lower  part  of  the  cylindrical 
monopole,  the  disc  wires,  upper  hub,  insulator,  lower  hub,  and  cone  wires. 


Figure  4.33  Photograph  of  a  wire  discone  antenna  with  a  cylindrical  monopole. 

The  antenna  was  designed  to  have  a  VSWR  less  than  2.5  over  the  frequency 
band  150  MHz  to  230  MHz.  In  this  design,  there  are  eight  (8)  radial  wires  that 
approximate  a  disc  and  and  eight  (8)  radial  wires  that  approximate  a  cone.  The 
radial  disc  wires  are  27.305  cm  long  and  0.368  cm  diameter,  and  the  radial 
cone  wires  are  38.1  cm  long  and  0.48  cm  diameter.  The  cylindrical  monopole 
is  34.29  cm  long  and  2.86  cm  diameter.  These  lengths  were  determined  by 
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Figure  4.34  Photograph  showing  a  close-up  view  of  the  feed  region  for  a  wire  discone 
antenna  integrated  with  a  cylindrical  monopole. 


simulations  with  the  FEKO  moment  method  solver.  At  the  high  frequency, 
230  MHz,  the  wavelength  is  1.3m  so  the  radial  disc  wires  are  0.21A,  the  radial 
cone  wires  are  0.29A,  and  the  monopole  is  0.26A.  The  simulated  and  measured 
voltage  standing  wave  ratio  (VSWR)  of  the  wire  discone  with  cylindrical 
monopole  antenna  is  shown  in  Figure  4.35  and  good  agreement  is  observed. 


Figure  4.35  Comparison  of  the  simulated  and  measured  VSWR  for  a  wire  discone 
antenna  with  a  cylindrical  monopole. 


4.4  Monopole  Array  for  Simultaneous  Transmit  and 
Receive 

This  section  describes  an  antenna  array  composed  of  an  omnidirectional  8- 
element  transmit  array  and  a  central  receive  antenna,  for  operation  in  the 

2.4  to  2.5  GHz  Industrial,  Scientific,  and  Medical  (ISM)  radio  band.  A 
diagram  of  this  array  is  shown  in  Figure  4.36.  This  array  has  been  developed 
for  simultaneous  transmit  and  receive  (STAR)  applications  for  wireless 
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Single  receive  monopole 
on  conducting  cylinder 


8-element  ring  array  of  transmit  monopoles 


Figure  4.36  Diagram  of  a  monopole  transmit  array  and  monopole  receive  antenna 
for  simultaneous  transmit  and  receive  application. 


communications  that  require  high  isolation  between  transmit  and  receive 
functions  [36,  37],  The  transmit  antenna  array  has  eight  monopole  radiating 
antenna  elements  uniformly  spaced  on  a  ring.  The  transmit  monopole 
antenna  elements  are  approximately  one-quarter  wavelength  long  at  the  center 
frequency  and  they  are  oriented  perpendicular  to  an  electrically  conducting 
circular  ground  plane.  The  transmit  monopole  array  elements  are  uniformly 
spaced  approximately  one-half  wavelength  apart,  and  they  are  each  driven 
at  a  position  approximately  one-quarter  wavelength  in  front  of  a  central 
electrically  conducting  circular  cylinder.  Referring  to  the  phasing  diagram 
in  Figure  4.37,  the  transmit  monopoles  are  phased  with  a  linear  progressive 
phase  shift  between  elements  to  cover  0  to  360  degrees  around  the  ring 
array,  such  that  opposing  transmit  elements  are  180  degrees  out  of  phase 
creating  a  near-field  null  on  the  axis  of  the  ring  array.  With  this  type  of 


90° 


Transmit 
monopole 
ring  array 
phasing 

0° 


Figure  4.37  Phasing  diagram  for  a  transmit  monopole  ring  array  and  monopole 
receive  antenna  for  simultaneous  transmit  and  receive  application. 


linear  progressive  phase  distribution,  the  transmit  array  far-held  radiation 
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pattern  has  an  omnidirectional  (constant)  magnitude  in  azimuth.  It  is  known 
from  the  literature  that  a  ring  array  antenna  with  a  linear  phase  progression 
covering  a  full  360  degrees  around  the  array  circumference  will  produce  an 
omnidirectional  radiation  pattern,  as  described  by  Rudge  [38].  In  the  case 
where  there  is  an  even  number  of  elements  in  the  ring  array  and  each  opposing 
pair  is  fed  anti -phase  or  with  a  1 80  degree  phase  shift,  there  will  be  a  radiation 
pattern  null  formed  at  the  midpoint  of  the  array.  This  ring  array  midpoint 
nulling  effect  is  recognized  for  monopole  arrays  and  other  types  of  antennas 
with  application  to  simultaneous  transmit  and  receive.  A  ring  array  of  four 
progressively  phased  (0,  90,  180,  270  degrees)  dipole  antenna  elements  and  a 
central  dipole  for  improved  isolation  has  been  investigated  by  simulations  and 
measurements  by  Chiang  [39]. 

In  the  antenna  design  described  here,  to  achieve  high  isolation  between 
transmit  and  receive  antennas,  the  receive  antenna  is  centrally  located  on 
the  axis  of  the  transmit  ring  array  and  it  is  elevated,  into  the  shadow  zone 
[40]  of  the  transmit  array  antennas,  on  a  circular  ground  plane  above  the 
transmit  array.  In  this  design,  there  is  no  direct  ray  path  from  the  transmit  array 
monopole  elements  and  the  receive  monopole  element,  so  the  only  mutual 
coupling  is  due  to  edge  diffraction.  The  transmit  array  is  designed  to  operate 
over  a  circular  ground  plane  or  within  a  parallel  plate  radial  waveguide.  A 
prototype  STAR  monopole  antenna  array  has  been  fabricated  as  shown  in 
Figure  4.38.  In  this  design,  the  transmit  and  receive  monopoles  each  have  a 


Figure  4.38  Photograph  of  a  monopole  transmit  array  and  monopole  receive  antenna 
for  simultaneous  transmit  and  receive  application. 

length  3.048  cm  [1.2  inches]  and  diameter  0.3175  cm  [0.125  inches].  The 
transmit  array  has  eight  monopole  arranged  in  a  ring  array  with  diameter 
15.68  cm  [6.172  inches]  that  is  mounted  on  an  aluminum  ground  plane  with 
diameter  21.234  cm  [8.36  inches].  The  receive  monopole  is  mounted  on  the 
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top  of  a  closed-end  aluminum  cylinder  with  height  7.315  cm  [2.88  inches]  and 
outside  diameter  9.672  cm  [3.808  inches].  The  transmit  array  beamforming 
was  accomplished  with  analog  components  as  follows.  The  input  signal  to 
the  transmit  array  was  divided  by  a  4-way  power  divider,  and  compared  to  a 
reference  coaxial  cable  length  of  0  degrees,  coaxial  adapters  approximating 
relative  phases  of  45,  90,  and  135  degrees  were  used.  The  four  phase-delayed 
signal  paths  were  then  further  divided  using  1 80-degree  hybrids  to  generate 
the  desired  progressive  phase  variation  of  0,  45,  90,  135,  180,  225,  270,  315 
degrees  for  the  eight-element  transmit  ring  array.  The  array  was  tested  in  an 
anechoic  chamber  and  provides  high  isolation  on  the  order  of  55  to  60  dB, 
as  described  below.  The  measured  results  are  summarized  in  Figures  4.39 
to  4.42.  The  measured  reflection  coefficient  at  the  input  port  of  the  8-way 


Figure  4.39  Measured  reflection  coefficient  for  a  monopole  transmit  array  for 
simultaneous  transmit  and  receive  application. 


beamformer  of  the  transmit  phased  array  is  shown  in  Figure  4.39.  Over  the 
2.4  GHz  to  2.5  GHz  ISM  band  the  measured  reflection  coefficient  magnitude 
is  less  than  —12  dB.  As  shown  in  Figure  4.40,  the  measured  mutual  coupling 
between  the  monopole  transmit  array  and  the  central  monopole  receive 
antenna  is  less  than  —56  dB  over  the  2.4  GHz  to  2.5  GHz  band.  The  measured 
far-field  vertically  polarized  azimuth  gain  patterns  of  the  transmit  phased  array 
are  shown  in  Figure  4.41 ,  which  demonstrates  an  approximate  omnidirectional 
characteristic.  In  Figure  4.42  as  expected,  due  to  the  progressive  phase 
steering,  the  measured  far-field  azimuth  phase  patterns  for  the  monopole 
transmit  array  demonstrate  the  0  to  360°  azimuthal  phase  shift. 
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Figure  4.40  Measured  mutual  coupling  (S21)  between  a  monopole  transmit  array 
and  monopole  receive  antenna  for  simultaneous  transmit  and  receive 
application. 


Azimuth  Angle  (deg) 


Figure  4.41  Measured  far-field  azimuth  gain  patterns  for  a  monopole  transmit  array 
for  simultaneous  transmit  and  receive  application. 


4.5  Horizontal  Loop  and  Slotted  Cylinder  Antennas 

Omnidirectional  horizontal  polarization  can  be  generated  in  a  number  of 
ways.  For  example  a  photograph  of  a  horizontal  uniform  current  loop  such 
as  an  Alford  loop  antenna  [41-47]  is  shown  in  Figure  4.43.  In  this  photograph 
a  standard  semi-rigid  coaxial  cable  is  used  to  feed  a  two-way  radial  power 
divider  implemented  on  a  PC  board  with  etched  transmission  lines  on  each 
side  of  the  board.  The  spacing  between  the  transmission  lines  is  chosen  to 
achieve  a  desired  characteristic  impedance.  Each  arm  of  the  radial  power 
divider  feeds  a  V-dipole,  and  the  two  V-dipoles  for  an  approximate  uniform 
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Figure  4.42  Measured  far-field  azimuth  phase  patterns  for  a  monopole  transmit  array 
for  simultaneous  transmit  and  receive  application. 


Figure  4.43  Photograph  of  an  Alford-type  uniform  current  loop  antenna. 


current  loop.  The  example  shown  has  a  square  perimeter,  but  a  circular  loop  is 
also  possible.  With  two  feeds,  the  typical  loop  perimeter  length  for  resonance 
is  on  the  order  of  one  wavelength.  Mutual  coupling  effects  are  substantial 
with  these  close  proximity  V-dipoles.  To  achieve  a  desired  impedance  match, 
in  capacitively  coupled  tuning  stubs  are  included  at  the  tips  of  the  V-dipoles. 
An  improved  impedance  match  can  be  achieved  by  tapering  the  ends  of  the 
V-dipoles  to  a  sharp  tip.  As  the  perimeter  of  the  loop  increases,  additional 
feed  points  are  required  to  maintain  an  approximate  uniform  loop  current.  For 
example,  when  the  loop  perimeter  is  on  the  order  of  two  wavelengths  four 
feedpoints  are  needed. 

An  alternate  configuration  surrounds  the  uniform  current  loop  with  a 
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metallic  cylinder  with  vertical  slots  as  depicted  in  the  artist’s  concept  shown 
in  Figure  4.44.  The  resonance  of  the  antenna  is  controlled  by  the  slot  width  and 


Metallic  cylinder 
(dia. D) 


Figure  4.44  Artist’s  concept  of  a  loop-fed  slotted  cylinder  antenna. 

by  the  diameter  and  height  of  the  cylinder.  Typical  dimensions  for  resonance 
(determined  empirically)  are  cylinder  height  H  =  0.425A,  cylinder  diameter 
D  =  0.35A,  and  slot  width  W  =  0.04A.  With  either  the  uniform  current  loop 
or  the  loop-fed  slot  cylinder,  the  radiation  pattern  of  an  embedded  element 
remains  omnidirectional  in  the  presence  of  other  like  elements  in  a  planar 
phased  array  configuration. 

In  applications,  where  additional  gain  is  required  in  the  vertical 
dimensions  it  is  possible  to  stack  slotted  cylinder  antennas  in  a  co-linear 
array  fashion.  Figure  4.45  depicts  a  diagram  of  an  example  UHF  two-element 
co-linear  array  of  slotted  cylinder  antennas  with  three  slots  per  element.  To 
feed  the  two  sets  of  three  slots,  two  coaxial  cables  could  be  run  along  the 
central  axis  of  the  slotted  cylinders,  and  then  each  of  the  coaxial  cables 
would  be  connected  to  three-way  power  dividers  that  provide  the  necessary 
transmission  lines  to  feed  the  three  slots.  Each  slot  could  then  fed  by 
connecting  the  outer  conductor  of  the  coaxial  line  to  one  side  of  the  slot  and 
the  center  pin  to  the  other  side  of  the  slot.  An  alternate  approach  to  feeding 
the  slots  is  to  use  a  transformer  balun.  A  photograph  of  the  UHF  two-element 
colinear  array  of  horizontally  polarized  slotted  cylinder  antennas  is  shown  in 
Figure  4.46.  The  measured  impedance  mismatch  loss  is  shown  in  Figure  4.47. 
The  measured  horizontally  polarized  omnidirectional  gain  patterns  are  shown 
in  Figure  4.48. 
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Figure  4.45  Drawing  of  a  UHF  two-element  colinear  array  of  horizontally  polarized 
slotted  cylinder  antennas. 


Figure  4.46  Photograph  of  a  UHF  two-element  colinear  array  of  horizontally  polarized 
slotted  cylinder  antennas. 


4.6  Turnstile  Antenna  With  Crossed  V-Dipoles 

The  turnstile  antenna  [48]  was  discussed  briefly  in  Chapter  1  (Section  1.12.2) 
where  crossed  Hertzian  (short)  dipoles  with  a  90°  phase  shift  between  the 
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Frequency  (GHz) 


Figure  4.47  Measured  impedance  mismatch  loss  of  the  UHF  two-element  colinear 
array  of  horizontally  polarized  slotted  cylinder  antennas. 
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Figure  4.48  Measured  horizontally  polarized  omnidirectional  gain  pattern  of  the  UHF 
two-element  colinear  array  of  slotted  cylinder  antennas. 
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arms  was  used  to  generate  an  omnidirectional  radiation  pattern.  In  this  section, 
a  practical  turnstile  dipole  antenna  is  described.  A  wideband  UHF  dual- 
polarized  dipole  antenna  with  swept-back  arms  and  folded  balun  over  a 
ground  plane  in  free  space  was  described  in  Chapter  3  (refer  to  Figure  3.6), 
and  the  same  design  is  analyzed  here  as  a  turnstile  antenna.  The  simulation 
model  is  shown  in  Figure  4.49.  The  dipole  arm  length  was  chosen  as 
13.4  cm,  which  is  0.268A  at  600  MHz  (center  frequency).  The  dipole  arms 
and  balun  sections  are  modeled  as  1.42  cm  diameter  ( D  in  Figure  3.1) 
perfectly  conducting  tubes.  The  dipole  height  is  chosen  as  17.9  cm  (H  in 
Figure  3.1)  so  that  at  the  center  frequency,  the  height  at  the  midpoint  of  the 
dipole  arm  is  approximately  A/4  over  the  ground  plane.  A  circular  ground 
plane  with  diameter  45.72  cm  is  used  here.  The  folded  balun  tubes  are 
spaced  3.81  cm  center  to  center  (s  in  Figure  3.1),  which  by  Equation  (3.1) 
provides  a  19712  characteristic  impedance  transmission  line.  The  folded  balun 
provides  mechanical  support  of  the  dipole  arms  and  is  short  circuited  at  the 
ground  plane.  Electrically,  this  balun  behaves  as  a  purely  reactive  impedance 
in  parallel  with  the  dipole  feed  terminals.  One  of  the  balun  tubes  contains 
a  coaxial  line  that  is  connected  to  the  dipole  terminals  using  a  crossover 
connection  located  1.27  cm  ( h  in  Figure  3.1)  above  the  top  of  the  folded 
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Figure  4.49  Simulation  model  for  a  UHF  turnstile  antenna  composed  of  crossed  V- 
dipoles  over  a  ground  plane. 


balun.  Figure  4.50  shows  the  azimuth  gain  patterns  in  the  xy  plane  at  450 
MHz  for  vertical  and  horizontal  polarizations.  The  horizontal  component  is  at 


90 


Figure  4.50  Simulated  azimuth  gain  patterns  at  450  MHz  for  a  UHF  turnstile  antenna 
composed  of  crossed  V-dipoles  over  a  ground  plane. 


the  —5  dBi  level.  If  the  arms  were  not  swept  back,  this  horizontal  component 
would  be  closer  to  the  —2  dBi  level.  The  vertical  component  is  on  the  order 
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of  —12.5  dBi,  and  would  otherwise  be  negligible  if  the  arms  were  not  swept 
back. 

4.7  Summary 

This  chapter  has  described  simulations  and  measurements  of  antennas  that 
are  omnidirectional  in  azimuth.  Omnidirectional  coverage  can  be  provided 
for  vertical  polarization  with  vertical  monopole  or  dipole  antennas  which  can 
typically  have  a  cylindrical  or  conical  shape.  Similarly,  a  dipole  antenna  with 
cone-shaped  arms  is  referred  to  as  a  bicone  or  biconical  antenna.  A  monopole 
ring  array  with  progressive  phasing  can  generate  omnidirectional  far-held 
radiation  patterns  for  simultaneous  transmit  and  receive.  Omnidirectional 
horizontally  polarized  coverage  can  be  achieved  with  horizontal  loops  or 
slotted  cylinder  antennas.  The  next  chapter  also  discusses  loop  antennas,  but 
in  a  configuration  of  multiple  orthogonal  loops  as  a  vector  sensor  antenna  for 
direction  finding  application. 
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Vector  Sensor  Array  Antennas 

5.1  Introduction 

Vector  sensor  array  antenna  systems  can  be  used  to  measure  multiple  polar¬ 
ization  components  of  an  incident  electromagnetic  field  [1-7].  Polarization 
diversity  and  spatial  diversity  offered  by  sparsely  spaced  multipolarized 
array  elements  can  be  useful  in  providing  frequency  reuse  capability  and 
in  mitigating  signal  dropouts  due  to  multipath  or  polarization  mismatch 
for  providing  reliable  data  communications.  Vector  sensor  array  antenna 
systems  provide  the  capability  for  receiving  and  processing  linearly  polarized, 
circularly  polarized,  elliptically  polarized,  partially'  polarized,  and  unpolarized 
fields.  A  vector  sensor  antenna  that  uses  multipolarized  diverse  elements 
with  diverse  antenna  gain  patterns  can  be  calibrated  for  determining  angle  of 
arrival  for  radiofrequency  sources.  A  tri polarized  antenna  with  three  mutually 
perpendicular  dipoles  has  been  investigated  for  adaptive  nulling  applications 
[8].  This  chapter  describes  the  electromagnetic  design  of  a  vector  sensor  HF 
antenna  array  that  could  be  integrated  on  a  small  satellite  referred  to  in  the 
literature  as  a  nanosatellite  or  CubeSat  [9].  A  potential  future  application 
is  for  performing  radio  astronomy  missions  [9-16].  The  antenna  technology 
described  here  could  be  applied  to  other  platforms  such  as  airborne  vehicles, 
towers,  ground  vehicles,  and  ballon-based  applications  [9,  17], 

This  chapter  is  organized  as  follows.  In  Section  5.2  some  examples 
of  vector  sensor  array  prototype  antennas  are  given.  In  Section  5.3,  the 
operating  modes  of  vector  sensor  antennas  arc  described.  In  Section  5.4, 
vector  sensor  antenna  design  and  simulated  radiation  patterns  arc  given 
for  potential  application  to  galactic  RF  source  mapping  at  HF  from  a 
nanosatellite.  Section  5.5  presents  a  derivation  of  the  received  voltage  matrix 
for  a  full  six-mode  vector  sensor  array  antenna.  Section  5.6  has  a  summary. 
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5.2  Background 

There  are  various  implementations  of  a  full  six-mode  vector  sensor  antenna 
that  include  three  orthogonal  loop  modes  and  three  orthogonal  dipole  modes. 
In  some  applications  with  structural  limitations,  only  a  partial  vector  sensor 
antenna  with  less  than  six  modes  is  practical  -  in  this  case  multiple  partial 
vector  sensor  antennas  can  be  used  to  implement  all  six  modes.  Examples  of 
full  and  partial  vector  sensor  antenna  prototypes  are  described  below. 

5.2.1  Prototype  1 :  Vector  Sensor  with  Three  Orthogonal  Rings 

An  example  of  a  full  vector  sensor  antenna  for  radio  astronomy  [11]  is 
depicted  in  the  photograph  shown  in  Figure  5.1.  This  electromagnetic  vector 


Figure  5.1  Photograph  of  a  full  vector  sensor  antenna  composed  of  three  orthogonal 
dual-mode  loops.  Each  loop  has  two  ports  that  allow  dipole  and  loop 
currents  to  be  generated. 

sensor  was  designed  for  ground-based  measurements  of  galactic  sources  [11- 
15]  within  the  HF  and  low  VHF  bands,  and  it  is  composed  of  three  orthogonal 
rings  approximately  1  m  in  diameter.  At  30  MHz,  the  wavelength  is  10  meters 
so  the  rings  arc  considered  electrically  small  (0.1  A  diameter)  and  will  have 
frequency  independent  radiation  pattern  shape.  The  rings  arc  supported  above 
the  ground  by  three  adjustable  fiberglass  legs.  Each  of  the  rings  has  two 
ports  that  arc  connected  via  a  transformer  balun  and  coaxial  transmission 
lines  within  the  ring’s  copper  tubing  to  a  sum  and  difference  hybrid.  The 
result  is  that  each  physical  loop  serves  as  both  a  dipole  and  a  loop  as  will 
be  described  in  Section  5.3.  The  full  vector  sensor  array  antenna  produces  six 
output  channels  allowing  full  characterization  of  the  incident  electromagnetic 
field.  A  ground-based  HF  vector  sensor  system  consisting  of  three  loops  and 
three  dipoles  has  also  been  developed  by  Lee  et  al  [18]. 
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5.2.2  Prototype  2:  Array  of  Partial  Vector  Sensor  Antennas 

In  some  cases,  only  part ial  vector  sensors  may  be  practical.  An  example  of 
a  sparse  array  of  partial  vector  sensor  antennas  installed  on  an  unmanned 
air  vehicle  (UAV)  [7]  with  electrically  conducting  wings  is  depicted  in  the 
photograph  shown  in  Figure  5.2.  In  this  photograph,  there  arc  crossed  loops 


Figure  5.2  Photograph  of  a  sparse  array  of  partial  vector  sensor  antennas  installed 
on  an  unmanned  air  vehicle. 


mounted  on  the  wing  tips  and  they  generate  a  dipole  mode  and  two  crossed 
loop  antenna  modes.  Note  that  since  the  wings  in  this  case  arc  electrically 
conducting,  a  horizontal  loop  or  dipole  would  be  shorted  out  and  would  not 
be  an  effective  receive  antenna.  Single  loops  arc  mounted  on  the  tail  booms 
and  generate  dipole  and  loop  antenna  modes  -  one  of  the  loops  is  mounted 
horizontally  and  the  other  vertically. 

5.2.3  Prototype  3:  Full  Vector  Sensor  with  Vertical  Crossed 
Loops,  Uniform  Current  Loop,  and  a  Monopole  for  a 
Nanosatellite 

Examples  of  nanosatellite  structures  in  the  form  of  commercial  CubeSats  arc 
depicted  in  the  photograph  shown  in  Figure  5.3.  In  this  photograph  two  sizes 
of  CubeSats  are  shown.  On  the  left  is  a  10  cm  x  10  cm  x  30  cm  version 
(referred  to  as  a  3U  structure),  and  on  the  right  is  a  10  cm  x  10  cm  x  10  cm 
(1U  structure).  These  structures  arc  shown  in  a  skeletonized  form  where  other 
components  can  be  mounted.  A  photograph  of  a  deployable  vector  sensor 
mechanical  mockup  with  3m  long  electrically-conducting  metal  tape  measure 
loops  (tip-to-tip)  on  a  3U  CubeSat  structure  during  preliminary  ground-based 
mechanical  testing  [11, 14]  is  shown  in  Figure  5.4.  In  this  photograph,  gravity- 
offload  structual  members  are  included  to  provide  support  to  the  metal  tape 
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Figure  5.3  Photograph  of  commercial  CubeSat  mechanical  structures.  Left:  10  cm  x 
10  cm  x  30  cm  version  (3U).  Right:  10  cm  x  10  cm  x  10  cm  (1U). 


loops  as  they  deploy.  The  electromagnetic  design  and  simulations  of  this 
prototype  CubeSat  vector  sensor  antenna  are  given  in  Section  5.4.  The  next 
section  describes  the  vector  sensor  antenna  modes. 


Figure  5.4  Photograph  of  a  vector  sensor  antenna  deployed  from  a  CubeSat  3U 
mockup  during  preliminary  mechanical  testing  for  a  CubeSat  application. 


5.3  Vector  Sensor  Antenna  Modes 

To  describe  the  operating  modes  of  vector  sensor  antennas,  consider  Fig¬ 
ure  5.5  that  shows  an  example  simplified  partial  vector  sensor  antenna.  This 
antenna  has  the  appearance  of  crossed  electrically  conducting  loops  operating 
in  the  presence  of  an  electrically  conducting  ground  plane.  In  general,  a 
ground  plane  is  not  required,  but  in  the  case  of  the  UAV  in  Figure  5.2  the 
wing  acts  as  a  ground  plane  and  support  structure.  Additionally,  the  ground 
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Dipole  mode  Loop  mode 


Figure  5.5  Conceptual  diagrams  showing  a  crossed-loop  vector  sensor  antenna  on 
a  conducting  ground  plane  with  the  antenna  operating  in  dipole  and  loop 
modes. 


plane  shown  here  will  also  be  considered  a  nanosatellite  structure  in  the 
next  example.  The  antenna  is  assumed  to  be  electrically  small  in  terms  of 
wavelength  and  will  have  a  frequency  independent  radiation  pattern  for  each 
of  the  operating  modes. 

Each  physical  loop  has  four  RF  ports  and  they  are  driven  with  a 
modeforming  (beamforming)  RF  circuit  that  generates  independent  dipole  and 
loop  modes.  By  symmetry,  the  crossed  loops  can  be  electrically  connected  at 
the  orthogonal  intersection  points  in  this  diagram,  without  disturbing  the  two 
modes.  That  is,  the  two  modes  will  not  couple  significantly  with  one  another. 
By  driving  the  ports  in  a  common  phase  direction  as  shown  in  the  lower  left 
portion  of  this  figure,  a  dipole  mode  is  generated  from  the  vertically  flowing 
currents.  In  this  dipole  mode,  the  currents  that  flow  on  the  horizontal  sections 
of  the  loop  and  on  the  ground  plane  are  out  of  phase  and  would  not  contribute 
to  the  far-zone  radiation  pattern.  In  the  lower  right  diagram,  the  ports  are  now 
driven  in  a  phase  difference  arrangement  causing  the  electric  currents  to  flow 
in  a  clockwise  or  loop  fashion.  Again,  in  this  loop  mode,  currents  flowing 
on  the  ground  plane  are  out  of  phase  and  do  not  contribute  to  the  far-zone 
radiation  pattern. 

In  the  case  where  the  two  crossed  loops  are  driven  in  a  common  phase 
condition,  the  currents  on  the  four  vertical  segments  of  the  loops  arc  in  phase 
as  depicted  in  Figure  5.6,  which  generates  an  effective  dipole  mode.  When  the 
loops  are  driven  with  a  180°  phase  difference,  the  loop  mode  is  generated  as 
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shown  in  Figure  5.7. 


z 


Figure  5.6  Conceptual  diagram  showing  a  crossed-loop  partial  vector  sensor 
antenna  operating  in  the  dipole  mode. 


z 


Figure  5.7  Conceptual  diagram  showing  a  crossed-loop  partial  vector  sensor 
antenna  operating  in  the  loop  mode. 
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5.4  Vector  Sensor  Antenna  Design  and  Simulated 
Radiation  Patterns  for  a  Nanosatellite  Application 

It  is  known  from  the  literature  that  mapping  of  radio  frequency  galactic 
noise-like  sources  can  be  determined  by  ground  based  large  diameter 
antenna  array  measurements  for  frequencies  above  about  25  MHz  [20-23]. 
Due  to  the  total  electron  content  of  the  ionosphere  [21],  radio  frequency 
sources  radiating  below  about  25  MHz  are  partially  or  almost  completely 
reflected  by  the  ionosphere.  Therefore,  the  electromagnetic  waves  from 
galactic  radiofrequency  sources  arc  partially  or  almost  completely  blocked 
by  the  earth’s  ionosphere  up  to  an  altitude  of  about  300  km.  Terrestrial 
radio  frequency  emissions  arc  a  significant  source  of  interference  for 
ground-based  low-frequency  mapping  sensors.  The  natural  radio  frequency 
shielding  provided  by  the  ionosphere  reduces  terrestrial  interference  that 
would  be  received  by  a  low-frequency  satellite  sensor  orbiting  above  the 
ionosphere.  Thus,  mapping  of  galactic  RF  sources  below  25  MHz  can  best  be 
accomplished  from  a  spacecraft  above  300  km  altitude.  Multipolarized  vector 
sensor  antenna  systems  are  being  explored  for  a  variety  of  direction  finding 
applications  [1-17]  and  these  sensors  when  deployed  on  a  nanosatellite  in 
orbit  above  the  ionosphere  arc  an  alternate  approach  to  mapping  galactic 
sources.  Ideally,  measurements  from  the  vector  sensor  antenna  elements 
should  be  dominated  by  external  sources  rather  than  by  internal  thermal 
noise  due  to  electronic  components  such  as  low  noise  amplifiers  (LNAs).  HF 
systems  operating  as  a  beacon  have  been  designed  for  CubeSats  [19],  and 
could  potentially  be  used  in  calibrating  an  orbiting  vector  sensor  array. 

A  full  electromagnetic  vector  sensor  antenna  [2]  characterizes  the 
electromagnetic  field  at  a  single  location  in  space  and  with  a  common  phase 
center.  A  full  vector  sensor  is  composed  of  three  orthogonal  dipole  modes 
and  three  orthogonal  loop  modes.  These  six  modes  allow  for  a  complete 
measurement  of  the  electromagnetic  field  amplitude  and  phase  of  incoming 
radiation.  The  full  six-mode  vector  sensor  antenna  design  here  uses  the 
following  approach  for  a  CubeSat  application  as  shown  in  Figure  5.8.  The 
axis  of  the  CubeSat  is  aligned  with  the  z  axis  with  the  radiation  patterns 
characterized  in  spherical  coordinates  by  6  and  r/>  polarizations.  King  has 
shown  that  a  loop  antenna  can  also  operate  as  a  dipole  [24].  Loop  and  dipole 
antenna  modes  arc  generated  from  crossed  vertical  dual  mode  loop  elements. 
As  shown  in  this  diagram  there  arc  two  dipole  modes  labeled  as  .x-dipole 
(Mode  1)  and  y-dipolc  (Mode  3)  that  arc  aligned  with  the  x  and  y  axes, 
respectively.  There  are  two  loop  modes  labeled  as  a; -loop  (Mode  2)  and  y- 
loop  (Mode  4),  with  the  axes  of  the  loops  aligned  with  the  x  and  y  axes, 
respectively.  Note  that  a  wide  bandwidth  for  signal  to  noise  ratio  (SNR)  can 
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Figure  5.8  Conceptual  diagram  for  a  full  vector  sensor  deployed  from  a  CubeSat 
structure. 


be  achieved  for  the  vector  sensor  dipole  and  loop  modes  with  active  matching 
circuitry  as  discussed  by  Robey  et  al  [13].  Similar  active  matching  circuits 
for  antennas  have  been  described  by  Grubb  [25],  Nordholt  [26],  and  Li  [27]. 
The  2-monopole  antenna  (Mode  5)  is  fed  against  the  CubeSat  structure  and 
is  omnidirectional  with  respect  to  the  z  axis.  The  horizontal  2-loop  antenna 
(Mode  6)  is  fed  at  four  ports  (by  the  feedlines  shown)  and  is  omnidirectional 
with  respect  to  the  2  axis.  To  achieve  a  uniform  electric  current,  the  four  ports 
of  the  horizontal  loop  are  fed  with  the  same  positive  and  negative  polarity 
with  respect  to  rotation  about  the  2  axis.  To  illuminate  the  four  ports  of  the 
horizontal  loop  with  equal  amplitude,  the  four  feedlines  are  driven  by  a  four¬ 
way  power  combiner. 

The  vector  sensor  antennas  would  be  stowed  for  launch  and  then 
deployed  on-orbit.  The  vector  sensor  antenna  system  described  here  can  also 
be  installed  on  a  tower  or  launched  from  a  balloon  [13]  and  be  used  to  map 
radio  sources  at  frequencies  above  about  25  MHz  where  the  ionospheric 
shielding  is  reduced. 

The  wire  length  of  the  vector  sensor  antenna  arms  is  chosen  in  the  range 
of  1.5m  to  2m  and  keeps  the  antennas  electrically  small,  below  resonance, 
so  that  constant  radiation  pattern  shapes  are  maintained  over  the  desired 
frequency  range.  The  four  modes  associated  with  the  two  crossed  wire  loop 
antennas  and  two  crossed  horizontal  dipole  antennas  are  generated  by  sum  and 
difference  modeformers.  Figure  5.9  shows  a  diagram  of  a  simplifed  circuit 
model  to  provide  sum  and  difference  outputs  for  a  four-port  loop  attached  to 
a  CubeSat  structure.  The  dipole  currents  are  generated  by  the  sum  port  of  the 
hybrid  component.  Similarly,  Figure  5.10  depicts  the  loop  currents  that  are 
generated  by  the  difference  port  of  the  hybrid  component. 

Radiation  patterns  were  computed  using  the  FEKO  method  of  moments 
solver.  The  CubeSat  body  was  modeled  with  triangular  patch  basis  functions. 
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1  2 


Figure  5.9  Diagram  showing  a  simplifed  circuit  model  to  provide  sum  and  difference 
outputs  for  a  four-port  loop.  The  dipole  currents  are  generated  by  the  sum 
port  of  the  hybrid  component. 


1  2 


Figure  5.10  Diagram  showing  a  simplifed  circuit  model  to  provide  sum  and  difference 
outputs  for  a  four-port  loop.  The  loop  currents  are  generated  by  the 
difference  port  of  the  hybrid  component. 


The  loop  and  monopole  antennas  were  modeled  using  triangular  linear  basis 
functions.  The  10  MHz  normalized  radiation  patterns  of  the  six  modes  are 
shown  in  Figure  5. 1 1 .  It  is  observed  that  the  radiation  patterns  of  Modes  1  and 
4  have  equivalent  shapes,  but  they  are  orthogonally  polarized  -  the  Mode  1 
(x  dipole)  relative  gain  pattern  is  6  polarized  and  the  Mode  4  (y  loop)  is  <fi 
polarized.  Similarly,  Modes  2  and  3  have  equivalent  radiation  pattern  shapes 
and  are  orthogonally  polarized.  Finally,  Modes  5  and  6  have  the  same  pattern 
shapes  and  are  orthogonally  polarized.  These  six  modes  allow  a  complete 
characterization  of  the  incident  electromagnetic  field.  In  the  next  section,  the 
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Mode  1,x-Dipole  Relative  Gain  (dB)  Mode  2,  x-Loop 


Figure  5.11  Normalized  radiation  patterns  for  all  six  vector  sensor  modes. 


radiation  patterns  of  the  six  modes  in  closed  form  are  uses  to  derive  the  vector 
sensor  receive  voltage  matrix.  From  this  voltage  matrix  the  covariance  matrix 
can  be  computed  and  is  used  in  the  signal  processing  and  mapping  of  incident 
RF  fields  from  galactic  sources  [11]. 


5.5  Vector  Sensor  Antenna  Receive  Voltage 
Derivation 

Assume  that  a  vector  sensor  antenna  has  six  receive  modes  consisting  of  x,  y, 
and  z  oriented  dipoles  and  x,  y,  and  z  oriented  loops.  The  dipole  and  loop 
antennas  have  a  common  phase  center  that  is  assumed  to  be  located  at  the 
origin  of  the  standard  spherical  coordinate  system.  The  angle  9  is  measured 
with  respect  to  the  z  axis  and  0  is  the  angle  with  respect  to  the  xy  plane. 
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The  electromagnetic  fields  of  ideal  electrically  short  dipole  and  small  loop 
antennas  can  be  expressed  in  closed  form  as  given  below. 

When  the  electric  dipole  moment  has  only  an  x  orientation,  that  is, 
Iel  =  xlel,  the  far-zone  fields  arc  given  by  (refer  to  Equations  (1.496)  and 
(1.497)) 

r  „  „ i  e  ~jkr 

^xdiDole(r)  =  —  dcosdcostj)  +  (j)Sm(j)  jklell ] - .  (5.1) 

r  L  J  47T  r 

r„  A  i  e  -jkr 

HtAmo\Ar)  =  ~  0  sin  (j)  +  <fi  cos  0  cos  <p  j klel  - .  (5.2) 

r  L  J  47rr 

The  loop  fields  arc  given  by  (refer  to  Equations  (1.502)  and  (1.503)) 

r„  „  ,  e —jkr 

Exk>  oo(r)  =  ~  ®  sin  +  4>  cos  9  cos  <f>  rj k2IA — - .  (5.3) 

F  L  J  47T7’ 

r-  „  p—jkr 

Hi k>op(r)  =  ^  cos 0 cos  (j)  —  (j) sin 4>  krIA — - .  (5.4) 

When  the  electric  dipole  moment  has  only  a  y  orientation,  that  is, 
Iel  =  ylel,  the  far-zone  fields  arc  given  by  (refer  to  Equations  (1.500)  and 
(1.501)) 

r„  -I  g  ~jkr 

Ek diDoie(r)  =  —  0  cos  0 sin (f>  -f  </> cos <j)  jkylely - .  (5.5) 

y  v  i  j  47rr 


ttFF 

11  y-di] 


-dipole (r)  =  ^  cos  <f>  —  <f>  cos  9  sin  cf)  jklel- 


The  loop  fields  arc  given  by  (refer  to  Equations  (1.502)  and  (1.503) 


y-k>op(r)  =  ^  cos  <f>  —  <j>  cos  6  sin  (j)  r]k2IA- 


y-k)op(r)  =  &  cos  $  sin  4>  +  4>  cos  4>  k2IA- 


When  the  electric  dipole  moment  has  only  a  z  orientation,  that  is,  1,1  = 
zlel  the  far- field  vector  components  arc  given  by  (refer  to  Equations  (1.488) 
and  (1.489)) 

e  -jkr 

Ez-Lole(r )  =  0jujylel- - Sill  9  (5.9) 


^dipole  (r)  =  Heljk- 


sin$. 


(5.10) 
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The  far-zone  fields  for  the  Hertzian  magnetic  dipole  (electric  current  loop) 
oriented  with  the  axis  in  the  z  direction,  that  is,  m  =  mz ,  where  m  =  I  A, 
are  given  by  (refer  to  Equations  (1.488)  and  (1.489)) 


^fop(r)  = 

„  e  -jkr 

=  4>IAujpk - sin  0. 

4irr 

(5.11) 

i^op(r) 

„  0  e-Jkr 

=  —9k2IA— - sin# 

Airr 

(5.12) 

Now  consider  the  received  voltage  for  a  plane  wave  impinging  on 
a  vector  sensor  antenna  with  ideal  short  dipole  and  small  loop  elements. 
Utilizing  the  generalized  antenna  vector  effective  height  (h),  which  has  units 
of  meters,  the  induced  open-circuit  voltage  across  the  terminals  of  an  antenna 
is  given  by 

V  =  Emc-h*  =h*-Einc  (5.13) 

where 

h  =  hpa  =  pa  (5.14) 

and  where  h  is  the  magnitude  of  the  vector  effective  height  and  pa  is  the  unit 
vector  polarization  response  of  the  antenna.  Now,  from  Equations  (5.1),  (5.5), 
(5.19)  for  the  dipole  modes  and  (5.3),  5.7),  and  (5.11)  for  the  loop  modes, 
the  polarization  response  matrix  of  the  vector  sensor  antenna  array  is  given  in 
terms  of  the  9  (first  column)  and  cj)  (second  column)  components  by 


Pa 


cos  9  cos  <f> 
cos  9  sin  <p 

—  sin  9 

—  sin  cj) 
COS  (j) 

0 


—  sin  i f> 
cos  4> 

0 

—  cos  9  cos  (j) 

—  cos  9  sin  (j) 

sin  9 


(5.15) 


Note  that  the  first  three  rows  of  the  pa  matrix  in  Equation  (5.15)  correspond 
to  the  x,  y,  and  £  dipole  modes  and  the  last  three  rows  correspond  to  the  x,  y, 
and  z  loop  modes. 

Now  from  the  derivation  given  in  Chapter  1  (Equation  1.5 17),  recall  that 
that  the  incident  wave  electric-field  unit  vector  emc  or  incident  polarization 
unit  vector  pmc  in  spherical  coordinates  is  given  by 

emc  =  pmc  =  — 6  +  — ^— <^>  =  sin  t pe^Sp6  +  cosjp<fi.  (5.16) 

\E\  \E\ 

and  observe  that 

E (nc 

sm7P  =  W 


(5.17) 


Vector  Sensor  Array  Antennas 


279 


where 


cos7p  = 

-^1  =  \JEe  + 


(5.18) 

(5.19) 


In  the  matrix  form  of  Equation  (5.16),  the  incident  polarization  unit  vector  is 
given  by 


sin 
cost p 


(5.20) 


The  full  vector  sensor  received  signal  voltage  6x1  matrix  V  is  formed 
by  the  product  of  the  6  x  2  matrix  for  the  antenna  polarization  response  pa 
given  by  Equation  (5.15)  and  the  2  x  1  matrix  for  the  incident  field  polarization 


V 


Pa'P 


cos  9  cos  <f> 
cos  9  sin  (f b 

—  sin  9 

—  sintfr 
COS  (f> 

0 


—  sin  cj) 
cos  (j) 

0 

cos  9  cos  4> 
cos  9  sin  4> 
sin# 


sin  7PeJ<5p 
cost p 


(5.21) 


which  is  the  desired  result.  The  voltage  matrix  given  by  Equation  (5.21)  is 
expressed  in  a  normalized  form.  Taking  account  of  the  incident  field  strength, 
the  absolute  form  of  the  voltage  matrix  is  used  in  computing  a  6  x  6  covariance 
matrix,  which  is  then  used  in  mapping  galactic  sources  as  described  by  Knapp 
et  al  [11]. 


5.6  Summary 

Vector  sensor  array  antenna  systems  arc  used  to  measure  multiple  polarization 
components  of  an  incident  electromagnetic  field.  A  few  examples  of  vector 
sensor  antenna  prototypes  have  been  described  in  this  chapter.  The  design 
of  a  vector  sensor  HF  antenna  array  that  could  be  integrated  on  a  small 
satellite  has  been  described.  Moment  method  simulated  radiation  patterns 
for  the  various  vector  sensor  modes  have  been  shown.  A  derivation  of  the 
receive  voltage  matrix  for  the  vector  sensor  array  has  been  given.  A  potential 
future  application  is  for  performing  radio  astronomy  missions.  The  antenna 
technology  described  here  could  be  applied  to  other  platforms  such  as  airborne 
vehicles,  towers,  ground  vehicles,  and  ballon-based  applications. 
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